Summary 1) The electrical properties of the membrane were investigated in the rabbit atrial muscle fiber by using two microelectrodes for recording the transmembrane potential and for current application.
Summary 1) The electrical properties of the membrane were investigated in the rabbit atrial muscle fiber by using two microelectrodes for recording the transmembrane potential and for current application.
2) The current-voltage relationship of the rabbit atrial muscle fiber in sodium-free solutions was found to be similar to that of the Purkinje fiber, showing an increase in resistance with depolarization.
3) Polarization resistance during activity shortly after the peak of the action potential was lower than in the resting state and gradually increased during the plateau. However, a value higher than that in the resting state was never observed during the plateau phase. 4) The polarization resistances at the peak and during the plateau of the action potential were somewhat larger in the action potentials with higher plateaus than those in the action potentials with lower plateaus . 5) The ionic mechanism responsible for the production of the rabbit atrial action potential is discussed.
It has been reported in previous papers (TANAKA et al., 1967; SAITO, 1971) that the action potential of the rabbit atrium takes a different time course when the stimulus intervals are varied over an extremely extended range. The action potential elicited by the first shock after a long period of rest is characterized by a drop in the level of the plateau. Subsequent repetitive stimulation at a physiological rate produces a gradual elevation of the height of the plateau , which reaches the normal potential level. Such changes in the potential level of the plateau seem to be associated with changes in potassium conductance (SAITO, 1971) .
The present paper is concerned with the investigation of the effects of polarizing currents on the action potentials of the rabbit atrium obtained by varying the stimulus intervals in different external media.
T. SAITO

METHODS
Details of the preparation, apparatus, and experimental technique are almost the same as described in a previous paper (SAITO, 1971) . However, in this experiment two microelectrodes were employed. The transmembrane potential was measured by means of an intracellular glass microelectrode. The second microelectrode was inserted into the same fiber to introduce an electric current through the membrane at a distance of 30 to 100 it from the recording microelectrode along the fiber. The transmembrane potential and the current applied through the membrane were displayed simultaneously on a dual beam oscilloscope.
To study the current-voltage relationship in sodium-free solutions, which were prepared by substituting choline chloride or sucrose for sodium chloride, 500-msec square current pulses of polarization having various intensities were passed through the second microelectrode.
To estimate the change in membrane resistance during activity, the electrotonic potential near the polarizing electrode and the total current were measured. In a uniform cable, the membrane resistance is proportional to the square of the polarization resistance, which is obtained by dividing the electrotonic potential near the polarizing site by the total current. However, in the rabbit atrial muscle fibers, the polarization current passed through the intracellular microelectrode is expected to diverge in all directions, as in ventricular muscle fibers, and the relation between the electrotonic potential and the total current may be more complicated (WOODBURY and CRILL, 1961; TANAKA and SASAKI, 1966; SAKAMOTO, 1969) . Therefore the value of the polarization resistance itself was presented as a measure of membrane resistance, and its changes under varied conditions and in various phases of action potential were considered.
RESULTS
Current-voltage relationship
To obtain the current-voltage relationship of the membrane, a strip of the rabbit atrium was immersed in sodium-free Tyrode's solution for more than 30 min. Figure 1 shows one of the records obtained by passing square current pulses lasting 500 msec through the membrane. On the left, superimposed records of depolarizing currents applied (upper traces) and resulting potential deflections (lower traces) are shown. Hyperpolarizing currents (upper traces) and the resulting potential deflections (lower traces) are on the right. Figure 2 shows the relation between the polarizing currents and the electrotonic potentials measured at the end of the pulses (steady-state potential). The open circles were obtained from the recordings shown in Fig. 1 . The filled circles indicate the currents and corresponding potentials when external sodium chloride was replaced by sucrose. The current-voltage relationships in both cases were nonlinear. Depolarizing currents produced larger potential changes than hyperpolarizing currents of the same intensity. This means that membrane resistance to depolarizing currents is larger than resistance to hyperpolarizing currents. Such an increase in resistance has already been reported in Purkinje fibers and been explained as a decrease in potassium conductance by depolarization (anomalous rectification) in the Purkinje fibers (HUTTER and NOBLE, 1960; DECK and TRAUTWEIN, 1964) . However, the time course of the electrotonic potentials in rabbit atrial fibers was different from that in sheep's Purkinje fibers (HUTTER and NOBLE, 1960; DECK and TRAUT-WEIN, 1964) and was rather similar to that in canine papillary muscle fiber (SAKA-MOTO, 1969) .
Polarization resistance during the course of the action potential Changes in the polarization resistance during activity were examined on two action potentials of different shapes which were produced by varying the stimulus interval ( Fig. 3 ). They were produced by two successive stimuli 500 msec apart, delivered 1 min after cessation of the conditioning repetitive stimulation (1 c/sec), which lasted for several minutes. The plateau phase of the first action potential in the figure starts at 40 mV from the resting level and that of the second action potential begins near the crest of the depolarization. Figure 3A shows simultaneous records of hyperpolarizing current pulses lasting 20 msec (30-msec interval) A B Fig. 3 . Changes in the membrane resistance during activity in the rabbit atrial muscle fiber. Two action potentials of different shapes were produced by two successive stimuli 500 msec apart 1 min after the cessation of the repetitive stimulation (1 c/sec). A: Simultaneous records of hyperpolarizing current through the membrane (upper trace) and resulting electrotonic potential during two action potentials (lower trace). B: Polarization resistance during activity. This was expressed as a percentage of the value just before the upstroke of the first action potential in A.
through the membrane (upper trace) and resulting electrotonic potential during activity (lower trace). As mentioned before, the polarization resistance, which is the ratio of the electrotonic potential to the applied current, was expressed throughout the two cardiac potentials as a percentage of that in the resting state. In Fig. 3B , the percentage values of the polarization resistance at different parts of two action potentials are labeled on the trace of Fig. 3A . They reflect the membrane resistance change, though they are not directly in proportion to the membrane resistance. Figure 3B shows that the membrane resistance during each action potential may increase near the end of the plateau phase. However, there was no increase of resistance above that of the resting membrane at any time during the repolarization. Similar changes in the resistance during activity have been obtained by JOHNSON and WILSON (1962) in the rat ventricle and by KAMIYAMA and MATSUDA (1966) in the dog ventricle under repetitive excitation. The membrane resistance during the plateau of the second action potential is expected to be somewhat greater than that of the first. JOHNSON et al. (1961) obtained two action potentials of different shapes, produced under different stimulus conditions, from the rabbit ventricle. They also observed that the magnitude of polarization resistance during the repolarization phase was somewhat greater in the action potential of longer duration. Their inferences, described in some other related articles, were discussed by NOBLE (1962).
Effect of changes in the membrane potential level on the action potential
The effect of changes in the membrane potential level was examined in action potentials of different shapes produced by varying the stimulus interval. Figure 4 shows the effects of polarizing currents on action potentials of different shapes which were produced by constant stimulus frequencies of 1 c/sec and 1/4 c/sec. As described above, each action potential had an initial spike before the beginning of the plateau. The action potential evoked at a high stimulus frequency showed a slightly rounded shape at the peak of the spike and a prolonged plateau at high potential level, while the action potential obtained at a low stimulus frequency had a distinct initial spike, a shortening of the plateau at high potential level, and a more uniform rate of repolarization. Current of 180 msec duration was applied 20 msec before the upstroke of the action potential. The initial spike of each action potential was enhanced by hyperpolarizing current (upper frames) and diminished by depolarizing current (lower traces). It is apparent that the time needed to reach the peak of the action potential at 1 c/sec was decreased by hyperpolarizing current (upper left frame), that is, the spike rose faster, while it was increased by depolarizing current (lower left frame). In the action potentials obtained at 1/4 c/sec stimulation, such changes in the peak caused by current flow were not so prominent (right frames). These facts seem to suggest that sodium conductance at the peak is inactivated more in the action potential with a prolonged plateau than in the action potential with a shortened plateau. The results of the measurement of the maximum rate of the action potential reported in previous papers (TANAKA et al., 1967; SAITO, 1971 ) support this explanation. Figure 5 shows the effects of hyperpolarizing currents on two action potentials of different shapes which were elicited by paired pulse stimulation. Paired pulses of 300-msec interval were applied at a constant stimulus frequency of 1/10 c/sec. Record a shows pairs of action potentials before the current flow. The first action potential shows a spike-like configuration with a slow repolarization starting near the resting level. However, the second action potential, starting in the repolarization limb of the first action potential, shows a large amplitude and has a prolonged plateau. Hyperpolarizing currents of various intensities lasting 800 msec were applied 80 msec before the upstroke of the first action potential. The current intensity was successively increased from record b to d. The maximum amplitude of each action potential was enhanced, and the duration of the plateau in the second action potential was diminished with increasing current intensity. The potential displacements at the peak and the foot just before the upstroke of each action potential are plotted against the current intensity in Fig. 6 plateau phase was also observed in the second action potential, as in the case of Fig. 5 . Hyperpolarizing current pulses of 1 sec duration and of various intensities were applied 80 msec before the upstroke of the first action potential. The current intensity was increased by steps from record b to d. The maximum amplitude of the first action potential was augmented by increasing current intensity, whereas that of the second action potential was not changed. This fact might suggest that the peak and the foot of the second action potential have almost the same membrane resistance. In the record c, a fast spike developed slightly in the second action potential, and its amplitude increased with more hyperpolarization (record d). This might be due to a reactivation by hyperpolarization of the sodiumcarrying system. The potential displacements at the peak and the foot of each action potential were plotted against the current intensity and are shown in Fig. 8 . As in the case of Fig. 5 , the resistance at the peak of the second action potential seems to be somewhat greater than in the first action potential. The resistance at the foot of the second action potential was smaller than that of the first, for the second action potential was initiated in the repolarization limb of the first. In the instance shown in Fig. 4 , little change in the peak amplitude of the action potential was caused by hyperpolarization. As far as has been observed, this was rather exceptional; there was usually up to 10-20% reduction in its amplitude under hy- perpolarization, as shown in Figs. 5 and 7. It has already been reported that, in contrast to the Purkinje fiber, the decrease, if any, in the membrane resistance at the peak of the action potential of the dog ventricular muscle fiber seems to be very small (KAMIYAMA and MATSUDA, 1966) . The present result provides more evidence for the view that the decrease in the membrane resistance at the peak of the action potential of the cardiac working muscle fibers is much less than that of the Purkinje fiber.
DISCUSSION
As has been discussed, in the cardiac muscle fibers, the electrotonic potential by point-source polarization decays spatially much more steeply than in a uniform cable (WOODBURY and CRILL, 1961 ; NOBLE, 1962; TANAKA and SASAKI, 1966; SAKAMOTO, 1969) . Further, if the distance between the intracellular current and potential electrodes is too small, it is possible that the potential electrode picks up the artifact resistively due to current application (TANAKA and SASAKI, 1966) . In fact, more than 60 mV potential shift was induced by hyperpolarization in Fig. 5d . The author attributes this partly to the artifact caused by the passing current, although electrodes with a somewhat larger tip diameter, hence lower resistance, were usually used as current electrodes, both in order to make the current application easier and to reduce the artifact.
Moreover, it is pointed out that one cannot get the ionic current-voltage relationship of the membrane of cardiac muscle fiber directly from the current-voltage relationship obtained by point-source polarization (NOBLE, 1962) .
It has been reported that the rapid depolarization phase of the cardiac action potential is associated with a remarkable decrease in the membrane resistance. It is also shown in the present experiment that the membrane resistance may be lower at the peak than during other parts of the atrial action potential of the rabbit. This decrease in the resistance was interpreted as being caused by an increase in sodium conductance (WEIDMANN, 1955) . The contribution of sodium ions to the upstroke of the rabbit atrial action potential was also suggested by the author in a previous paper (SAITO, 1971) . On the other hand, it has been assumed in the Purkinje fiber (WEIDMANN, 1951) and the ventricular fibers that the plateau phase of the action potentials is associated with an increase in the membrane resistance above the resting value. This increase in the resistance has been explained by a decrease in potassium conductance with depolarization, i.e., an anomalous rectification, in the Purkinje fiber (DECK and TRAUTWEIN, 1964) . Such a rectification of the membrane was also found in the rabbit atrium in the experiment with sodium-free media. However, the polarization resistance during the plateau phase of the action potential remained almost the same as or somewhat smaller than in the resting state.
Concerning the relatively low resistance during the plateau phase, BRADY and WOODBURY (1960) assumed that the sodium inactivation continues throughout the plateau of the action potential. Recent studies using voltage-clamp technique on cardiac muscle have enabled investigators to divide the total activation current into different components. The experimental results thus obtained seem to suggest that the plateau phase of the cardiac action potential is due to an interaction of three main current components which appear when the cardiac muscle membrane is depolarized : first, slow inward current caused by sodium or sodium and calcium (HALL et al., 1962; DUDEL et al., 1966; NIEDERGERKE and ORKAND, 1966a, b ; WEIDMANN, 1967, 1971 ; REUTER, 1967 REUTER, , 1968 ROUGIER et al., 1968 ; ROUGIER et al., 1969 ; BEELER and REUTER, 1970 a, b) ; second, inward-going rectification current; and third, delayed rectification current (NOBLE and TSIEN, 1968 ; REUTER, 1968 ; BROWN and NOBLE, 1969 a, b ; NOBLE and TSIEN, 1969 ; BEELER and REUTER, 1970a, b; HEMP-TINNE, 1971 ). The latter two currents are considered to be carried largely by potassium ions, but other ions (e.g. sodium) also may contribute (NOBLE and TSIEN, 1969) .
The configuration of the action potential obtained after a rest for 1 min was characterized by a spike potential followed by a plateau at the more repolarized level (low-level plateau). Subsequent stimuli caused a slight increase in the amplitude of the action potential and an elevation of the plateau (Fig. 3) . In a previous paper (SAITO, 1971) it was suggested that such changes in the time course of the action potential were mainly related to potassium conductance, since they were suppressed by application of acetylcholine and were little influenced by the external concentration of sodium ions or by tetrodotoxin. Present results obtained by passing polarizing currents support the suggestion presented in the previous paper.
Membrane resistance during the ordinary plateau phase of the second action potential was estimated to be slightly higher than that at the low-level plateau in the first action potential (Fig. 3) . The resistance at the peak of the second action potential was also somewhat greater than that of the first, in spite of the larger amplitude of the second action potential. If an increase in the amplitude of the action potential and an elevation of the height of the plateau were related mainly to an increase in the membrane's conductance of cations such as sodium (BRADY and WOODBURY, 1960; HOFFMAN and CRANEFIELD, 1960; NOBLE, 1962; DECK and TRAUTWEIN, 1964; FOZZARD and SLEATOR, 1967) and/or calcium ions (DUDEL et al., 1966; NIEDERGERKE and ORKAND, 1966a, b; HAGIWARA and NAKAJIMA, 1966 ; REUTER, 1967 ; ROUGIER et al., 1969; BEELER and REUTER, 1970b) , the membrane resistance during the course of the second action potential should be less than that of the first. Moreover, elevation of the plateau was observed even when sodium conductance was markedly inactivated (Fig. 7) . These findings seem to suggest that the increase in amplitude and the elevation of the plateau by repetitive stimulation after a long period of rest described before was produced mainly by the progressive enhancement of the decrease in potassium conductance . In this paper, the change in the plateau phase caused by varying the stimulus interval was discussed from the point of view that only calcium, sodium , and potassium ions participate in the formation of the plateau phase. However, there are some observations which show that anions such as chloride ions are also responsible for the duration of the plateau (CALMELIET, 1961; HUTTER and NOBLE, 1961) and for the early rapid repolarization from the peak of the spike to the plateau of the action potential. (DUDEL et al., 1967) . It seems premature to explain the change in the plateau phase mentioned above quantitatively in terms of ionic currents until further experimental evidence has been obtained .
